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Abstract 
The variability of renewable sources has high impact on power system reliability, e.g. photovoltaic (PV), and energy 
storage (ES) is one of several options for better grid reliability [1-3]. This paper serves to establish power system 
reliability of hierarchical level 1 (HL1) using analytical techniques. The IEEE Reliability Test System (IEEE-RTS) 
generation model and load model are applied to convolute a system risk model. Incorporating PV improves system 
reliability but the variability of PV power output compromises on PV capacity credit. ES is included into system risk 
model to enhance system reliability performance. System adequacy indices are investigated to show the system 
reliability performance. Impact on system generation cost, via variation of PV and ES capacities are presented. Actual 
Singapore PV irradiance data and Energy Market Company price information are incorporated in this study. This 
analytical technique can help Independent Service Operators (ISO) to evaluate the potential of PV to benefit system 
reliability and find ways to improve its potentials. 
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1. Introduction 
Power systems can be categorised into three main functional zones: generation systems, transmission 
systems and distribution systems. Reliability evaluation can be conducted in each of these functional 
zones or in combinations of these, to give rise to hierarchical levels. Reliability assessment at hierarchical 
level 1 (HL1) is concerned only with the generation facilities, hierarchical level 2 (HL2) assessment 
includes both generation and transmission facilities, and hierarchical level 3 (HL3) evaluation includes all 
three functional zones [4-11]. 
  
There is currently considerable interest in using Solar Photovoltaic (PV) to provide electric power 
generation due to the global environmental concerns associated with conventional energy sources. This 
renewable resource, however, is intermittent in nature, highly variable and site specific. PV behaviour is 
quite different from that associated with conventional energy sources, and therefore the incorporation of 
this renewable resources will affect the power system reliability in a different manner than conventional 
technology systems. As potential renewable resources of power levels of hundreds of megawatts are 
integrated into existing power systems, it becomes particularly important to evaluate the impact of these 
renewable resources on the overall system reliability. 
 
Independent service operators (ISOs) are imposed with requirements for renewable portfolio standards 
(RPS), energy conservation measures, mitigation of greenhouse gases (GHG) and environmental issues. 
RPS mechanism places an obligation on ISOs to have a minimum percentage of their electricity from an 
approved renewable energy source. The impact of the variability of renewable sources, e.g. photovoltaic 
(PV) on power system reliability has been widely reported, as this is of great importance to grid 
reliability, especially when dealing with an aging infrastructure [1, 12, 13]. Energy storage (ES) is one of 
several options available to increase reliability. 
 
System behaviour is mostly stochastic and changes randomly with time, while a probability based 
approach for a stochastic problem will give a comprehensive assessment. However a probability based 
approach towards a stochastic problem is by no means the only methodology that can be adopted in 
determining the safety or the reliability of a system. Additional understanding of the system, the way it 
operates, the way it malfunctions, its environment, its design and the stresses subjected to the system are 
equally important. Probability is only an enhancement of knowledge in predicting the expected behaviour 
of the system. 
 
The basic approach to evaluate the adequacy of a particular generation system requires the integration 
of a generation model with a load model and a risk model. When evaluating the reliability of generation 
systems, all generating units are lumped together to form a total system generation and all loads are added 
together to form a total system load. The generation and load models are integrated to form the appropriate 
risk model. The calculated indices do not normally include transmission constraints and are therefore 
overall system adequacy indices . These calculated indices, do not reflect generation 
deficiencies at any particular customer load point but measure the overall adequacy of the generation 
system [4].  
 
Section 1 describes the motivation behind the writing of this paper and also serves as an introduction. 
Section 2 presents the modelling and techniques used in this research. Section 3 illustrates system 
adequacy sensitivity study results and discussion. Finally, Section 4 presents the conclusions reached in 
this paper. 
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2. Models & proposed techniques 
Practitioners for electric power systems usually associate reliability evaluation by probability 
distributions. This is understandable as not all components will fail after the same operating time, but will 
fail at different times according to their own probability of failure function. Hence, time-to-failure obey a 
probability distribution which depicts the probability of a component failing within a certain specific 
time. There are two commonly used distributions, namely Continuous and Discrete.  Continuous 
distributions include Gaussian (or Normal), gamma, Weibull, Rayleigh and exponential distributions, 
whereas Discrete distributions are Poisson and Binomial distributions. The probability of surviving that 
period of time, , without assuming any specific form of functions and is equally 
applicable to all probability distributions used in reliability evaluations, where failure rate is time 
dependent [2].  applies equally well to all failure distributions as there were no 
distributional assumptions in the derivation of the equation. For some unique circumstances,  could be a 
constant and independent of time,  can then be simplified to and thus 
treated as an exponential distribution. For an n-component time dependent probability series system, with 
hazard rate , the probability of surviving is expressed in . For n-component 
time independent probability series system when   is known and integrated, Rs(t) can be expressed as 
. 
2.1. Conventional generator modelling 
A conventional generating unit can be represented by two-state reliability. The generating unit can 
move from operating state to failure state at failure rate ( ) and return to operating state at repair rate (μ) 
after the unit is repaired. The two basic parameters of the generating unit used in a static capacity 
evaluation are the unit availability (A), and the unit unavailability (U). The unit availability (A) is defined 
as the probability of a unit being in the operating state. The unit unavailability (U) is defined as the 
probability of a unit being in the failure state [4]. In power system reliability evaluation, the unit 
unavailability is known as the unit forced outage rate (FOR). Ac and Uc for component c can be calculated 
using  and . 
 
The above approach can be extended to a recursive algorithm in which units are added sequentially to 
produce the final capacity model as described in [4, 14, 15]. This algorithm can be used for multi-state 
(with derated states) units as well as two-state (with no derated states) units. Using IEEE-RTS generation 
model, the capacity outage probability table (COPT) is generated using this technique up to 1871 states, 
with other states omitted where cumulative probability is less than a specified amount, e.g. 10-8. 
 
Hierarchical Level 1 (HL1) basic adequacy indices in generating system adequacy assessment are loss 
of load expectation (LOLE), loss of energy expectation (LOEE) and can be calculated using quite 
different approaches. Conceptually, these indices can be described by the following mathematical 
expressions in  and . The LOLE is the average number of days 
or hours in a given period (usually one year) in which the daily peak load or hourly load is expected to 
exceed the available generating capacity, where pi is the probability of system state i and S is the set of all 
system states associated with loss of load. The LOLE does not indicate the severity of the deficiency nor 
the frequency or the duration of loss of load. The LOEE incorporates the severity of deficiencies in 
addition to the number of occasions and their duration, and therefore the impact of energy shortfalls as 
well as their likelihood is evaluated, where pi and S are defined as above; Ci is the loss of load for system 
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state i. The LOEE index is the expected energy not supplied by the generating system due to the load 
demand exceeding the available generating capacity. 
2.2. Time varying load model 
The variable load may change its load level from hour to hour, from minute to minute and from second 
to second. In practice, an hourly variable load model is usually used. It is assumed that load level within 
an hour is constant in this load model, which the load level can be obtained from load forecast. The load 
information provided in the IEEE-RTS [16] is a typical hourly variable load for a year. The hourly 
variable load model can reflect the chronological characteristic of the system load and is usually used in 
operational reliability evaluation.  
2.3. Solar PV model 
The Solar photovoltaic (PV) model provides hourly solar irradiance data collected from roof top of 
Nanyang Technological University (NTU) School of Electrical & Electronic Engineering (EEE) during 
2010. The original high resolution per minute data has been averaged to per hour data, normalized and 
scaled as PV power hourly output for ease of analytical computation. 
 
Using the risk modelling concept, the hourly solar irradiance data can be scaled as a relative 
percentage of IEEE-RTS system generation capacity, yielding PV Peak Installed Capacity in mega-watts. 
The PV Peak Installed Capacity can be incorporated as Generation Model or negative Load Model, where 
the latter was chosen to compute system adequacy indices.  
2.4. Energy storage model 
For reliability evaluation, four parameters are usually used to characterise a battery energy storage unit 
[17-20]. They are storage capacity, charging/discharging rate (Rc/Rd) (i.e. the power rating of energy 
storage), charging/discharging efficiency ( c/ d) and charging/discharging limit (Lc/Ld) (i.e. 
maximum/minimum capacity of energy storage). The available energy remaining in the energy storage is 
the state of charge (SOC), where AGsoc(j) is the state of charge at time step j, AGsoc(j-1) is the state of charge 
at time step (j-1), tj is the duration of time step j, Ecj and Edj are the available energy for charging and 
required energy for discharging at time step j, respectively.  
 
Equation 1 boundary conditions are  
. 
 
                         (1) 
 
In charging states, the available PV energy Ecj for charging may not be equal to the produced PV 
energy since some of PV energy may be used to supply the system load. Only the excess PV energy is 
available to charge the energy storage (batteries). The excess PV energy is limited by the charging rate 
and charging efficiency when charging the batteries. Vis-a-vis, in discharging states, the energy left in the 
batteries is discharging with the limits of discharging rate and discharging efficiency. In any state, the 
energy left in batteries must be within the maximum and minimum capacities, i.e. the charging and 
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Fig. 1. Energy Market Company time series Year 2010 USEP 
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discharging limits. The charging/discharging efficiencies are set to be 100% for this study. For the 
sensitivity study the maximum energy in storage (i.e. ES rated capacity) is equal to a pre-determined 
percentage of installed generation capacity, and the minimum of energy in storage is equal to 10% of ES 
rated capacity. 
2.5. Annual energy cost considerations 
Singapore is the first liberalised electricity market in Asia, where the wholesale electricity market is 
operated by the Energy Market Company Pte Ltd (EMC). The National Electricity Market of Singapore 
(NEMS) opened for trading on 1-January-2003. Modelling for annual energy price is taken from year 
2010 time series Uniform Singapore Energy Price (USEP) in $/MWH shown in Fig. 1. USEP is the 
energy purchase paid by retailers. It is the weighted average of energy prices at all the off-take nodes on 
Fig. 1, 
peaked at 3235 $/MWH on the 73rd day of the year, 1100 hrs [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        (2) 
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Fig. 3. Impact of varying PV Peak Installed Capacity on (a) LOLE & (b) LOEE 
Fig. 2. (a) LOLE of PV Peak Installed Capacity (MW) as Percentage of System Maximum Installed Capacity, (b) System LOEE 
with PV Peak Installed Capacity as Percentage System Maximum Generation Capacity  
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The year 2010 USEP time series can be convoluted into load duration curve (LDC), conventional & 
solar power generation, energy storage (ES) time series, as shown in Eq. 2 to yield expected annual 
energy cost, where, only  in time series are considered. Sn, X%, Ln) is the 
annual energy cost in S$, n is Uniform Singapore Energy Price (USEP) in S$/MWH, DR is demand 
response signal,  is nth interval of ES Charge,  is nth interval of ES Discharge,  is ES 
maximum storage in MWH,  is ES minimum storage in MWH, m is PV Peak Installed Capacity 
ranging from 0~50% of total generation capacity, Sn is nth interval PV power from Solar Irradiance, X% 
is percentage of maximum allowable PV energy to meet Load Demand, Ln is nth interval LDC, CDn is nth 
interval Energy Storage (ES) charging / discharging limit, k is total interval of reliability simulation, j is 
percentage of demand. 
3. Results & discussions 
This section describes the system sensitivity studies using system adequacy indices, LOLE and LOEE. 
This provides insights on impact to power system adequacy with variation on Peak PV installed capacity; 
Energy Storage (ES) installed capacity, maximum ES charging / discharge hours, and finally impact on 
the annual cost of energy considering both PV and ES. 
3.1. System Adequacy with addition of PV only 
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Fig. 4. Impact of varying Energy Storage capacity on (a) LOLE & (b) LOEE 
Fig. 5. Impact of varying maximum Energy Storage Charge / Discharge hours on (a) LOLE & (b) LOEE 
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Using , the LOLE index can be computed. Fig. 2(a) shows that once PV Peak 
Installed Capacity reaches 30% of IEEE-RTS system generation capacity, i.e. 3405MW * 30% = 
1201MW, LOLE improves marginally with no major benefit to gain on system adequacy. Further 
increases in PV Peak Installed Capacity yields diminish return on system adequacy. 
 
 forms the basis to compute LOEE. The NTU EEE scaled PV Peak Installed 
Capacity varied from 0~50% of IEEE-RTS system generation capacity formed as part of negative load 
model to arrive at risk model as shown in Fig. 2(b). Again, LOEE in Fig. 2(b) shows diminished 
improvement once PV Peak Installed Capacity exceeds 30% of system generation capacity, i.e. 3405MW 
* 30% = 1021MW. It is worthy to highlight that system adequacies relationship improve positively with 
increase in Peak PV Installed Capacity.  
3.2. System Adequacy with addition of PV and ES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3(a) and Fig. 3(b) show the results of using Eq. 2 by holding all parameter constant except 
varying PV Peak Installed Capacity from 0~50% of installed generation capacity. Clearly both LOLE and 
LOEE improve, respectively. Considering both PV and ES in the computation yielded a significant 
positive outcome on system adequacy, which is clearly evident after 15% generation capacity. 
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The results of varying the energy storage capacity from 0~50% of installed generation capacity in Eq. 
2 whilst maintaining other parameters constant are shown in Fig. 4(a) and Fig. 4(b). Again LOLE and 
LOEE improve with increasing energy storage capacity, respectively. Considering both PV and ES in 
computation yielded a relatively positive outcome on system adequacy. 
 
Similarly, the results of using Eq. 2 by holding all parameter constant except varying energy storage 
maximum charge/discharge hours from 5~10hours are shown in Fig. 5(a) and Fig. 5(b).  LOLE and 
LOEE improve with increasing maximum energy storage charge / discharge hours, respectively. 
However, it can be observed from Fig. 5, that once maximum energy storage charge / discharge hours 
exceeded 8-hours the system adequacy indices yield diminishing returns. Considering both PV and ES in 
computation yielded a more positive outcome on system adequacy, than considering only ES. 
3.3. Impact on electricity cost  
Fig. 6 shows the impact of PV Peak Installed Capacity on annual energy cost and annual cost saving 
using USEP time series in year 2010. PV Peak Installed Capacity variation has a positive linear 
relationship on annual energy cost saving. Once PV Peak Installed Capacity exceeded 10%, the positive 
correlation became obvious. At 30% ES capacity of installed generation capacity, the additional cost 
saving of PV & ES combination was S$131M per annum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
Analytical techniques with numerical solutions used in conventional power system reliability 
evaluation, e.g. capacity outage probability table (COPT), has been presented in this paper using IEEE-
RTS generation and load model. Intermittent PV energy and crucial supporting role of energy storage 
(ES) on improving system adequacy has been shown. Optimal ES Capacity and PV Peak Installed 
Capacity for better electric power system adequacy assessment and annual energy cost saving has been 
demonstrated. Applying USEP from EMC year 2010 time series data provide some understanding on 
annual energy cost and cost saving, with implementation of PV & ES at various capacities. 
Fig. 6. Annual energy cost vs. PV peak installed capacity with price information from EMC uniform Singapore energy price 
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